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Detrital zircons from the Late Cretaceous Murdunu-Göynük forearc basin and the Paleogene 
Saricakaya foreland basin; part of the greater Central Sakarya Basin located along the Sakarya 
Zone of the Western Pontides were analyzed to better understand the closure history of the 
Tethyan oceans. In northwest Turkey, the Variscan Orogeny is characterized by abundant 350-
300 Ma zircon U-Pb ages and minimally to highly evolved εHf values. In εHf vs. age space no 
distinct trends are apparent, consistent with a north dipping subduction zone that emplaced 
plutons into a southward growing, heterogeneous accretionary margin. From 300-250 Ma εHf 
values trend from highly to minimally evolved, interpreted as crust thinning, a result of slab roll-
back and rifting of the Intra-Pontide Ocean. The Cimmerian Orogeny is characterized by a 
decrease in magmatism from 250-230 Ma associated with minimally to moderately evolved εHf 
evolution, followed by a 230-200 Ma magmatic gap consistent with crustal thickening followed 
by flat-slab underthrusting of the Karakaya Complex. Zircons with 200-115 Ma U-Pb ages are 
all but absent, interpreted as a magmatic lull. The Alpine Orogeny in northwest Turkey is 
characterized by an increase in magmatism from 115-85 Ma, associated with minimally 
intermediate to moderately evolved εHf evolution of Late Cretaceous Murdunu-Göynük forearc 
zircons. At 100 Ma, Late Cretaceous zircons only found within Paleogene Saricakaya foreland 
basin sediments deviate from similar aged εHf evolution in forearc basin sediments and plot in 
both the juvenile and intermediate domains. Minor zircon U-Pb age peaks and contrasting inter-
basinal εHf evolution are interpreted to represent onset of Andean-style subduction along the 
southern margin of the Sakarya Zone at ~115 Ma followed by 100 Ma initiation of intra-oceanic 
subduction within the İzmir-Ankara Ocean. Epsilon Hf values from zircons with 85-75 Ma U-Pb 
ages sampled from forearc basin sediments trend from moderately evolved to moderately 
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intermediate, interpreted as crustal thinning, a result of slab roll-back along the southern margin 
of the Sakarya Zone, responsible for final rifting of the Western Black Sea. Foreland basin zircon 
with U-Pb ages of 85-80 Ma deviate towards highly evolved εHf values. These highly evolved 
and deviant εHf values are interpreted to represent synchronous melting of the Tavşanli Zone 
and intra-oceanic slab break-off. A single concordant ~66 Ma pre-collisional zircon grain 
collected from Late Cretaceous forearc basin flysch located directly beneath a regional 
unconformity is defined by a moderately evolved εHf value prior to complete absence of young 
detrital grains and is interpreted to represent incipient collision between the Sakarya and 
Tavşanli zones followed by total arc shut-off. Syn-collisional tuffs yield minimally evolved εHf 
values that trend toward minimally intermediate εHf values from 55-50 Ma and from minimally 
intermediate to highly intermediate from 50-46 Ma, interpreted to represent a second episode of 
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 Turkey is the eastern Mediterranean part of the Alpine-Himalayan orogen, which trends 
east-west from Western Europe through the Middle East and into Eastern Asia for over 8,000 
km. The active Alpine-Himalayan orogen is a zone of north-south convergence, which 
accommodated Carboniferous-Late Cretaceous closure of the Tethyan oceans, and Cenozoic 
juxtaposition of terranes of Laurasian and Gondwanan affinities (Ketin 1966; Şengör and 
Yilmaz, 1981; Şengör et al., 1988; Okay and Tüysüz, 1999). The İzmir-Ankara-Erzincan Suture 
Zone (İAESZ) of central Turkey is approximately east-trending for ~1750 km, representing the 
closure of Paleotethys as well as the multi-branched Neotethyan oceans along a zone of collision 
and shortening between the Pontide (Laurasia) and Anatolide-Tauride terranes (Gondwana) (Fig. 
1). The Pontides formed during Paleozoic-Mesozoic terrane accretion (e.g., Okay et al., 2002; 
Okay et al., 2013), similar to the development of the westernmost North American Cordillera 
(e.g., Coney et al., 1980; Gehrels and Pecha, 2014), which unlike North America, was followed 
by Early Cenozoic continental collision. This study describes the Carboniferous-Paleogene 
tectonic evolution of the Sakarya Zone, the southernmost terrane of the Pontides.  
 Large basins, such as the Central Sakarya Basin (Fig. 1) sample vast swathes of land and 
often serve as an ideal archive for episodes of arc magmatism over geologic time (Wu et al., 
2010). Zircon is ubiquitous in crustal rocks, highly resistant to erosion, re-melting and contains 
high concentrations of U, Pb and Hf isotopes, making it an ideal mineral for geologic 
investigations (Hawkesworth and Kemp 2006). 
 Zircon Laser Ablation – Inductively Coupled Mass Spectrometry (LA-ICPMS) U-Pb 
geochronology and zircon Laser Ablation – Multicollector – Inductively Coupled Mass 
Spectrometry (LA-MC-ICPMS) Lu-Hf as a geochemical tracer complement paleomagnetic 
	 2	
reconstructions (e.g. Stampfli, 2000; Stampfli and Borel, 2002; Stampfli and Kozur 2006; van 
Hinsbergen et al., 2016; Maffione et al., 2017), field data based geologic studies (e.g. Şengör and 
Yilmaz, 1981; Altiner et al., 1991; Yilmaz et al., 1997; Tüysüz 1999; Robertson et al., 2004; 
Moix et al., 2008) and geophysical imaging (e.g., van Hinsbergen et al., 2010b; Salaün et al., 
2012). Samples collected from the Paleogene Saricakaya foreland basin, the Late Cretaceous 
Murdunu-Göynük forearc basin, and the Orhaniye peripheral basin (Fig. 1) of the Western 
Pontides, were analyzed for detrital zircon U-Pb and zircon Lu-Hf, which serves as a tested 
method for testing and refining tectonic models (e.g., Ji et al., 2009; Wu et al., 2010; Pecha et al., 
2016) regarding the closure history of the Tethyan oceans in northwest Turkey. Therefore, basin-
scale detrital zircon U-Pb coupled with Lu-Hf can guide interpretations of geologic processes 
such as the isolation or connectivity of terranes and periods of crustal thinning vs. crustal 
thickening. Interpretations of crustal thinning or crustal thickening based on εHf-age datasets that 
coincide with major rifting or mountain building events based upon independent datasets, such as 
field observations, may ultimately be related to evolving subduction zone dynamics, which 
control terrane accretion as well as the opening and closure of ocean basins.  
 This study evaluates the Late Cretaceous-Early Paleogene closure of the northern 
branches of the Neotethyan oceans (i.e. İzmir-Ankara and Intra-Pontide oceans), as well as 
northwestern Turkey’s pre-, syn- and post-collisional history, which remain equivocal (e.g., 
Pourteau et al., 2015). Figure 2 illustrates the various tectonic models used to describe the 
mechanisms which facilitated the closure of the İzmir-Ankara Ocean and are as follows: (1) 
‘stepwise subduction models’ describe how multiple north dipping, singularly active and 
temporally distinct subduction zones facilitated the closure of the İzmir-Ankara Ocean and 
collision between the Tavşanli and Sakarya zones, where subduction zone jumps were preceded 
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by slab break-off events (Okay et al., 2001; Dilek and Altunkaynak, 2009); (2) ‘continuous 
nappe stacking models’ describe how a single north dipping subduction zone located along the 
southern margin of the Sakarya Zone facilitated the Maastrichtian closure of the İzmir-Ankara 
Ocean and collision between the Tavşanli and Sakarya zones, where Cenozoic southward sweep 
of basic magmatism is attributed either slab roll-back (van Hinsbergen et al., 2010b) or 
lithospheric delamination (Pourteau et al., 2015); (3) ‘synchronous subduction models’ describe 
how multiple north dipping subduction zones, which were synchronously active facilitated the 
closure of the İzmir-Ankara Ocean and collision between the Tavşanli and Sakarya zones, where 
the southernmost Late Cretaceous subduction zone has been placed within the Afyon Ocean 
(Shin et al., 2013; Speciale et al., 2014) or within the İzmir-Ankara Ocean.  
 The above models make predictions that can be tested based on the timing, location, and 
geochemical fingerprint of magmatic events as well as inception of rift basins and thrust belts, 
which to a first order are controlled by style of subduction  (e.g., slab roll-back vs. flat-slab). In 
the next section we describe the regional geology of the Pontide and Anatolide-Tauride terranes. 
Then, we present data collected from the Saricakaya, Murdunu-Göynük, and Orhaniye basins 
within the western Sakarya Zone (Fig. 1), that bear directly on the predictions of the above 
models. Finally, we present a model based on detrital zircon U-Pb geochronology and Lu-Hf 
isotopic tracers, which resolves the timing and mechanism(s) leading to the closure of the 






2. REGIONAL GEOLOGY  
 In Turkey, the Strandja Zone, İstanbul Zone, and Sakarya Zone exhibit a pre-
Carboniferous Laurasian affinity and are collectively known as the Pontides (Okay and Tüysüz, 
1999). The Menderes Massif, Tavşanli Zone, Afyon Zone and Central Anatolian Crystalline 
Complex exhibit significant yet contrasting metamorphic histories and are collectively known as 
the Anatolides (Okay and Tüysüz, 1999). South of the Anatolides is the Tauride Block, which is 
interpreted to be the unmetamorphosed equivalent of the Anatolides (Okay and Tüysüz, 1999). 
Collectively the Anatolides and Taurides are known as the Anatolide-Tauride Block (ATB) due 
to their pre-Carboniferous Gondwanan affinity (Fig. 1). A unique and enigmatic feature of the 
ATB is the presence of regionally distributed sub-horizontal nappe sheets containing ophiolite, 
mélange, marine and transitional sediment in their hanging-wall (e.g., Okay et al., 1996). In this 
paper the classical definition of the ATB is adopted (e.g., Şengör & Yilmaz, 1981), where the 
Anatolides and Taurides are treated as a single terrane, which rifted from Gondwana during the 
Triassic opening of the Neotethys (e.g., Robertson et al., 2012). These composite blocks – or 
terranes of Laurasian and Gondwanan affinity are juxtaposed against one another along the 
İzmir-Ankara-Erzincan Suture Zone (İAESZ), which represents the location where a westward 
narrowing, Late Paleozoic oceanic embayment between Laurasia and Gondwana, known as the 
Tethyan Ocean closed (Şengör and Yilmaz, 1981).  
Below we provide a brief geologic background of these tectonic units whose geologic histories 
will serve as important constraints to our conceptual model. We also provide brief descriptions 
of the Paleogene Saricakaya foreland basin, Murdunu-Göynük Late Cretaceous forearc basin, 
and the Paleozoic Orhaniye peripheral-forearc basin. More detailed terrane and basin 
descriptions are located in appendix 1. 
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 2.1 Pontides 
 
 The Strandja Zone is located in northwestern Turkey (Fig. 1). The basement of the 
Strandja Zone consists of felsic gneisses and migmatites intruded by Carboniferous-Permian 
granitoids emplaced during the Variscan Orogeny (Okay and Tüysüz, 1999). Basement rocks are 
unconformably overlain by Paleozoic and Early Mesozoic continental units, volcanic rocks, and 
shallow marine carbonates, all of which were subjected to latest Jurassic-earliest Cretaceous 
greenschist metamorphism (Okay, 1986; Okay et al., 1996). Paleozoic and Mesozoic 
sedimentary cover rocks are intruded by Late Cretaceous calc-alkaline andesitic plutons 
emplaced during the closure of the Vardar Ocean, which culminated by ~115 Ma (Okay et al., 
1996).  
 The İstanbul Zone (Fig. 1) is located along the southwestern lobe of the Black Sea, is 
approximately 400 km E-W by 70 km N-S (Okay and Tüysüz, 1999), and is juxtaposed against 
the Sakarya Zone via the Intra-Pontide Suture (e.g., Akbayram et al., 2016). The İstanbul Zone 
consists of a Cadomian (Pan-African) basement (P. Ustaömer et al., 2005), which is overlain by 
a transgressive sequence of Ordovician-Carboniferous clastic rocks, resembling similar aged 
sedimentary packages of the Moesian Platform (Okay et al., 1996). During the Early Devonian-
Late Carboniferous (±Permian) Variscan Orogeny (Stampfli, 2000) these sedimentary packages 
were subject to varying degrees of metamorphism and deformation, which propagated from west 
to east (Okay and Tüysüz, 1999). Triassic transgressive sediments unconformably overly 
tectonised Ordovician-Carboniferous units (Okay et al., 1996; Okay and Tüysüz, 1999) and were 
deformed during the Cimmerian Orogeny. Along the northern margin of the İstanbul Zone, 
Triassic strata is unconformably overlain by Late Cretaceous extrusive volcanic rocks and cut by 
their intrusive counterpart (Okay and Tüysüz, 1999) (Fig. 1; inset). 
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 The Sakarya Zone (Fig. 1), described by Okay (1984a) combines Şengör and Yilmaz, 
(1981)’s Sakarya Continent and the Eastern Pontides. However, in this study, we adopt the latter 
definition due to the abundant and contrasting Paleozoic-Cenozoic volcanic history of the 
Eastern Pontides (Fig. 1; inset).  The Basement of the Sakarya Zone is characterized by Early 
Paleozoic passive margin strata, which are metamorphosed, deformed and intruded by 
Carboniferous ±Devonian granitoids emplaced during the Variscan Orogeny (Okay et al., 1996). 
The Karakaya Complex is located structurally below the Variscan basement (Okay et al., 2002) 
and consists of a ca. 3 km thick package of mafic Carboniferous, Permian and Triassic sediments 
(Okay and Tüysüz, 1999; Ustaömer et al., 2016) that underwent varying degrees of 
metamorphism during the Late Triassic Cimmerian Orogeny (Okay et al., 2002). During the 
Early Jurassic, conglomeratic strata was deposited and is overlain by a Middle Jurassic-earliest 
Late Cretaceous ~2 km thick sequence of limestone (Okay and Tüysüz, 1999). Late Cretaceous-
Neogene strata are in contact with this limestone sequence along an angular unconformity and 
coarsen upward into marine turbidites, lagoonal, deltaic and fluvial deposits with interbedded 
volcanic horizons. 
 2.2 Anatolides 
 
 The Tavşanli Zone (Okay 1984a) strikes E-W for 250-300 km and has an average N-S 
width of ~50 km (Fig. 2), whose defining feature is a Late Cretaceous blueschist belt with lesser 
amounts of Triassic blueschist (Okay et al., 2002), the former a result of intra-oceanic subduction 
from 90-80 Ma and subsequent high-pressure low-temperature metamorphism (Okay et al., 
1998; Sherlock et al., 1999; Sherlock and Kelly, 2002). To the east, the contact between the 
Tavşanli Zone and the Central Anatolian Crystalline Complex is obscured by Upper Cretaceous-
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Middle Eocene sediments of the Orhaniye, Haymana-Polatli, and Tuz Gölü basins (e.g., Nairn et 
al., 2013; Licht et al., 2017) 
 The Afyon Zone (Fig. 1) (Okay 1984a), structurally beneath the Tavşanli Zone is 
characterized by Paleocene Barrovian-type metamorphism and underlain by Pan-African 
basement mantled by low-grade, Late Paleozoic metamorphosed sediments which fine up section 
from Carboniferous conglomerates to Permian neritic platform-type sediments. Overlying 
Mesozoic sediments consist of Triassic-Late Cretaceous turbidites, which grade into sandstone 
beginning in the Paleocene (Candan et al., 2005).  
 Cenomanian Ar/Ar apparent cooling ages (ca. ~95 Ma) of metamorphic soles of 
ophiolitic bodies are juxtaposed over the Tavşanli Zone (Önen and Hall, 1993; Önen 1993), 
Afyon Zone (Daşçi et al., 2014), and the Taurides (Çelik et al., 2006) (van Hinsbergen et al., 
2016). These ophiolitic units are related to obduction of a south-directed thrust sheet along an 
intra-oceanic subduction zone within the İzmir-Ankara Ocean that was active from the Aptian-
Maastrichtian. During Early Paleogene syn-collisional orogenesis, these ophiolites were once 
more translated southward in the hanging-wall of younger south-directed thrust sheets (e.g., 
Pourteau et al., 2015).  
 2.3 Basins 
 The Central Sakarya Basin (Fig. 1) is the primary basin along the Sakarya Zone (e.g., 
Okay and Tüysüz, 1999). The northern portion of this basin is known as the Murdunu-Göynük 
Basin (Fig. 1), which consists primarily of Jurassic marine and Cretaceous shallow marine 
turbidites to transitional sediments with interbedded volcanic horizons (Altiner et al., 1991).  
  The Saricakaya Basin is located in the southern portion of the Central Sakarya Basin, due 
north of the İzmir-Ankara Suture. This basin consists primarily of Paleogene conglomeratic red 
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beds that unconformably overly basement and Early-Middle Mesozoic sediments, interpreted to 
be deposited within a Paleogene foreland basin, whose best outcrops can be observed in the 
Sakarya River Valley (Fig. 3). From north to south, 3 principal SE directed thrust can be 
observed in the main study area: 1) the Northern Söğüt Thrust juxtaposes the Söğüt Granite 
(~325 Ma; P. Ustaömer et al., 2011), metamorphosed basement units (PcB) and uncomformably 
overlying Jurassic marine limestone (Jm), Late Cretaceous transitional sediments (Kt) and 
Paleogene terrigenous sediments (PET), which are folded into a broad syncline structurally above 
Paleogene Saricakaya foreland basin sediments (PET). These footwall sediments are in turn 
locally folded into a SE verging overturned syncline; 2) the Southern Söğüt Thrust juxtaposes the 
footwall of the former thrust structurally above the Permo-Triassic Karakaya Complex (TRkc); 
and 3) the İzmir-Ankara Suture, which juxtaposes the Permo-Triassic Karakaya Complex (TRkc) 
structurally above Late Cretaceous accretionary mélange (Km) and is the contact between the 













 3.1 Sample Strategy 
 To understand provenance and timing of deposition within the Murdunu-Göynük Basin, 
we sampled the first conglomeratic bed above Late Cretaceous turbidites (15G002) as well as an 
overlying volcanic horizon (15G001) near the town of Göynük (Fig. 3). To understand 
provenance and timing of deposition within the Saricakaya Basin, we sampled rocks in the 
hanging-wall of the Söğüt Thrust (i.e., Northern Saricakaya Basin) with known depositional ages 
of Jurassic (15YP04), Late Cretaceous (15YP13) and Eocene (15YP14). In the footwall of the 
Söğüt Thrust (i.e., Southern Saricakaya Basin) we sampled rocks with Carboniferous (15YP12) 
and Eocene (15YP09, 15YP08) depositional ages as well as two tuffaceous units (15YP11, 
15YP07), which are stratigraphically below all Cenozoic samples (Fig. 3). A single sample was 
taken from a metamorphosed Permo-Triassic Sandstone (15KZ01) at the base of the Orhaniye 
Basin, located within the south pointing horn of the Sakarya Zone east of the Central Sakarya 
Basin in order to evaluate along strike variability in tectonic setting and provenance prior to the 
Alpine Orogeny (Figs. 1 & 3).  
 3.2 Sample Preparation 
 Zircon grains were separated from whole-rock samples using standard heavy-mineral 
separation techniques including a bottle jack, chipmunk jaw crusher, disk mill, Gemini table, 
heavy liquids (Methylene Iodide) and a FrantzTM  isodynamic magnetic separator, which serves 
as a tested method to separate minerals based on their chemical and physical properties (e.g., 
Sircombe and Stern, 2002). Large zircon aliquots for all 11 samples were reduced to 
representative splits using a microsplitter up to three times, effectively reducing the samples size 
by one half with each split. The grains were then randomly handpicked (i.e., grains of all sizes, 
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crystal habits, colors and degree of weathering were indiscriminately chosen) under a binocular 
microscope, mounted in epoxy and polished to between one half and one third width in order to 
expose the internal structures of the zircon grains. 
 3.3 Zircon U-Pb Geochronology 
 Zircon U-Pb analyses were conducted at The University of Kansas Isotope Geochemistry 
Laboratory (KU-IGL), using a Thermo Scientific Element II Inductively Coupled Plasma Mass 
Spectrometer attached to a Photon Machines Analyte.G2 193 nm ArF excimer laser ablation 
system (LA-ICP-MS). 20 µm circular spots were ablated with the laser at 2.0 J cm-2 fluency and 
10 Hz repetition rate to depths of ca. 15 µm, where the ablated material was carried to the ICP in 
He gas. Elemental fractionation, downhole fractionation and calibration drift were corrected by 
bracketing measurements of unknowns with the GJ1 primary reference material which has a 
known Thermal Ionization Mass-Spectrometry (TIMS) 207Pb/206Pb age of 608.53 ± 0.037 Ma 
(Jackson et al., 2004). All accepted primary standard analyses during the LA-ICP-MS analyses 
of this study fell within 2 standard deviations of the published age. As a means to validate the 
calibration of the GJ1 primary reference material, Plešovice and Fish Canyon Tuff zircons were 
treated as unknowns (from herein referred to as secondary reference materials) to be compared to 
their known Chemical Abrasion – Thermal Ionization Mass-Spectrometry (CA-TIMS) 
207Pb/206Pb age of 337.13 ±0.13 Ma and 28.642 ±0.025 Ma respectively (Sláma et al., 2008; 
Wotzlaw et al., 2013). Concordant ages were then used to calculate a weighted mean and the 
Mean Square Weighted Deviation (MSWD). Analytical sessions in which both the Plešovice and 
Fish Canyon Tuff fell within 2 standard deviations of their true ages and exhibited an MSWD 
between 0.3 and 2.5 were deemed acceptable and allowed interpretation of true unknowns. All 
data was reduced using the intercept ET_Redux reduction scheme (McLean et al., 2016). 
	 11	
Complications in data reduction and analysis were common with the Fish Canyon Tuff 
secondary reference material, likely a result of unobserved inclusions or common lead 
contamination within fractures of individual grains. Analytical parameters used for all runs can 





















4. Zircon U-Pb Results  
 In this section zircon U-Pb data are described from the stratigraphically lowest (oldest) to 
highest (youngest) sample from the southern Saricakaya Basin, northern Saricakaya Basin, 
Murdunu-Göynük Basin and the Orhaniye Basin (Fig. 1). Detrital zircon populations are 
described from youngest to oldest. Figures 4-7 contain concordia and probability density plots 
(PDP’s) of the following results and figure 8 contains PDP’s of all samples analyzed in this study 
organized by their location and depositional setting (i.e., detrital vs. volcanic). Analyses were 
inspected individually to insure satisfactory data quality. Major deviations in 206Pb/238U and 
206Pb /207Pb ratios deemed not to be a consequence of random and independent data collection 
resulted in analysis rejection. Analytical uncertainties of standards are provided in appendix 4 
and raw data specific to individual samples can be found in appendix 5. 
 4.1 Southern Saricakaya Basin  
 Sample 15YP12 was collected from a basement outcrop. 70 individual spots on a total of 
70 zircons were ablated, of which 60 analyses were deemed acceptable. Sample 15YP12 yielded 
a single major age cluster between 312-338 Ma (n=43/60; 72%), with a minor age cluster from 
345-360 Ma (n=9; 15%) and single grains analyses from 472-2512 Ma (n=8/60; 13.33%). Of the 
43 ages that defined the youngest age cluster 15 were used to calculate a weighted mean of 316.7 
±1.2 Ma, MSWD=1.1, n=15 which is interpreted as the maximum depositional age (Figs. 3,4,8). 
 Sample 15YP11 was collected from a Paleogene tuffaceous unit. 150 individual spots on 
a total of 149 individual zircons were ablated, of which 98 were deemed acceptable. Sample 
15YP11 yielded a single age cluster from 47.5-55 Ma. Of the 98 ages, 56 concordant analyses 
were used to calculate a weighted mean of 52.43 ±0.55 Ma, MSWD=0.99, n=56, which we 
interpret as the maximum depositional age of the unit (Figs. 3,4,8). 
	 13	
 Sample 15YP07 was collected from a stratigraphically higher Paleogene tuffaceous unit. 
60 individual spots on a total of 60 zircons were ablated, of which 36 analyses were deemed 
acceptable. Sample 15YP07 yielded a single age cluster from 45.5-52 Ma. Of the 36 analyses, 20 
concordant ages were used to calculate a weighted mean of 48.89 ±0.71 Ma, MSWD=1.0, n=20, 
which we interpret as the maximum depositional age of the unit (Figs. 3,4,8). 
 Sample 15YP08 was collected from a Paleogene terrigenous sandstone located just below 
the appearance of granitic clasts. 150 individual spots on a total of 150 individual zircons were 
ablated, of which 129 analyses were deemed acceptable. Sample 15YP08 yielded a complex age 
spectrum, with the youngest analyses yielding single Jurassic and Triassic ages (n=2/129; 
1.44%). Minor age clusters appear from 275-397.5 Ma (n=21/129; 16.3%), 439-482 Ma 
(n=11/129; 8.5%), 592-657 Ma (n=26/129; 20.1%), and 698-904 Ma (n=18/129; 13.9%). A more 
significant zircon age cluster is observed from 943.5-1087 Ma (n=28/129; 21.7%), followed by 
single U-Pb results from 1320-2600 Ma (n= 17/129; 13.2%) (Figs. 3,4,8). 
 Sample 15YP09 was collected from a Paleogene terrigenous sandstone containing 
granitic clasts. 150 individual spots on a total of 149 individual zircons were ablated, of which 
137 analyses were deemed acceptable. Sample 15YP09 yielded a complex age spectrum, with 
minor zircon age clusters observed at 79-89 Ma (n=14/137; 10.2%), 210-258 Ma (n=5/137; 
3.6%), 294-364 Ma (n=18/137; 13.1%) and 382-418 Ma (n=22/137; 16%). A major age cluster is 
observed from 536-711 Ma (n=30/137; 21.9%), followed by minor age clusters from 761-865 
Ma (n=7/137; 5.1%) and 917-1145 Ma (n=19/137; 13.9%), single U-Pb results are observed 




 4.2 Northern Saricakaya Basin 
 Sample 15YP04 was collected from a Jurassic sandstone. 137 individual spots on 137 
individual zircons were ablated, of which 133 analyses were deemed acceptable. Sample 15YP04 
yielded a single major age cluster from 312-352 Ma (n=113/133; 85.6%), with a tail consisting 
of three analyses with ages from 376-382.5 Ma (n=3/133; 2.3%) and a broad minor age peak 
from 544-697 Ma (n=13/133; 9.8%). Single zircon analyses yielded ages of 1050-3375 Ma 
(n=3/133; 2.25%) (Figs. 3,5,8). 
 Sample 15YP13 was collected from a Late Cretaceous volcanogenic unit. 127 spots on 
127 individual zircons were ablated, of which 114 analyses were deemed acceptable. A single 
concordant analysis is observed at 66 Ma (n=1/114; 0.88%), followed by a major age cluster 
from 78-92.5 Ma (n=90/114; 80%), a minor age cluster from 100-115 Ma (n=6/114; 5.3%) and 
sporadic single analyses with ages ranging from 167-2464 Ma (n=16/114; 14%). Of the 90 
youngest analyses, 8 were used to calculate a weighted mean of 79.04 ±0.46 Ma, MSWD=0.83, 
which is a conservative interpretation of the units maximum depositional age due to the presence 
of a single ~66 Ma concordant analysis (Figs. 3,5,8). 
 Sample 15YP14 was collected from a Paleogene terrigenous sandstone. 140 individual 
spots on a total of 139 zircons were ablated, of which 130 analyses were deemed acceptable. 
Sample 15YP14 yielded a complex zircon age spectrum with a major age cluster from 75.5-86.5 
Ma (n=33/130; 25.4%), a minor age cluster from 99.5-106.7 Ma (n=5/130; 3.8%), and a 
subsequent major and minor age cluster from 308-347.5 Ma (n=28/130; 21.5%) and 365.5-418 
Ma (n=16/130; 12.3%). Minor age clusters were also observed from 446-475 Ma (n=8/130; 
6.1%), 540-657 Ma (n=18/130; 13.8 %), 899-1128 Ma (n=8/130; 6.1 %), and 1865.5-2029.5 Ma 
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(n=7/130; 5.4 %). Single zircon analyses from 2475-3304 Ma (n=3/130; 2.4%) are also observed 
(Figs. 3,5,8). 
 4.3 Murdunu-Göynük Basin 
 Sample 15G001 was collected from a Late Cretaceous tuffaceous unit. 96 individual 
spots on a total of 83 zircons were ablated, of which 91 analyses were deemed acceptable. 
Analyses from sample 15G001 consistently clustered between 72 and 84 Ma. Of the 91 
acceptable analyses, 50 were used to calculate a weighted mean of 77.8 ±1.2 Ma, MSWD=0.47, 
n=50 (Figs. 3,6,8).  
 Sample 15G002 was collected from a Late Cretaceous conglomeratic unit. 147 spots on 
111 individual zircons were ablated, of which 130 analyses were deemed acceptable. Sample 
15G002 yielded major age clusters from 67-107.5 Ma (n=55/130; 42.6%) and 298.5-342.5 Ma 
(n=34/130; 25.75%). Minor age clusters appear at 363-461 Ma (n=10/130; 7.57%), 565-630 Ma 
(n=8/130; 6%), 935-997 Ma (n=5/130; 3.8%), and 1792-1999 Ma (n=6/130; 4.5%). Of the 55 
analyses that define the youngest age peak, 15 ages were used to calculate a weighted mean of 
76.05 ±0.93 Ma, MSWD= 1.0, n=15, which we interpret as the units maximum depositional age 
(Figs. 3,6,8). 
 4.4 Orhaniye Basin 
 Sample 15KZ01 was collected from a metamorphosed Permo-Triassic sandstone. 100 
spots on 95 individual zircons were ablated of which 93 analyses were deemed acceptable. 
Sample 15KZ01 yields a major Permo-Triassic age cluster from 225-270 Ma (n=42/93; 45.2%) 
and a smaller major age cluster in the Carboniferous from 305-405 Ma (n=37/93; 39.8%). A 
minor age peak is observed from 635-775 Ma (n=7/93; 7.5%). Single analyses have ages 
between 1040-2725 Ma (n=7/93; 7.5%). Of the 42 analyses that define the youngest age peak, 36 
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were used to calculate a weighted mean of 250.6 ±4.2 Ma, MSWD= 0.99, n=36, which we 























5. Lu-Hf Isotopic Tracers 
  All zircon U-Pb samples were analyzed for Hf isotopes at The University of Arizona’s 
geochronology facility; Arizona LaserChron (ALC). For samples with complex zircon age 
distributions approximately 50 zircons, representative of the samples minor and major age 
clusters were analyzed (e.g., Gehrels and Pecha, 2014). Zircons with concordant ages of interest 
were pre-screened using Cathodoluminescence (CL) imagery in order to select U-Pb spots 
located exclusively on zircon rims or cores. Hf isotopic analysis was achieved using a 50 µm 
beam diameter placed over the original U-Pb spot in order to ensure initial 176Hf/177Hf ratios 
being measured were representative of the isotopic composition measured during U-Pb analysis. 
To accommodate the analysis of smaller grains, the beam diameter was reduced to 40 µm. Data 
was collected using a Nu Plasma HR ICP-MS, coupled to a Photon Machines Analyte G2 laser 
equipped with a LelEX cell. The ICP‐MS is outfitted with 12 fixed Faraday detectors equipped 
with 3x1011 Ω resistors, 10 of which measure masses 171Yb through 180Hf. This configuration 
provides an enhanced signal to noise ratio for low intensity ion beams generated by laser 
ablation. The instrument has a factor of ~two improvement in the signal to noise ratio compared 
to standard 1x1011 Ω resistors, however is limited to a maximum signal intensity of 3.4 V on 
each Faraday collector. Hf‐Yb‐Lu solutions are introduced in Ar carrier gas via a Nu DSN‐100 
desolvating nebulizer in order to calibrate the machine prior to the analysis of unknonwns. 
Minerals are analyzed via laser ablation, with He carrier gas mixed with Ar make‐up gas before 
introduction to the plasma torch (See Arizona LaserChron ‘Hf analytical methods description’ 
webpage). Appendix 6 contains all Hf reference material analyses (organized in a single plot). 
 Age vs. εHf plots are commonly used to display Hf data, where: 
εHf(0)={[(176Hf/177Hf)0sample / (176Hf/177Hf)0CHUR] -1} x 104 & εHf(t)={[(176Hf/177Hf)tsample -
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(176Hf/177Hf)tCHUR / (176Hf/177Hf)tCHUR] -1} x 104 (e.g., Vervoort, 2014). The εHf(t) notation  
indicates the 176Hf/177Hf ratio at the time of crystallization based upon the evolution of the 
chondritic uniform reservoir (CHUR) at that time. Measurement precision is expressed as a 2σ 
average uncertainty. Furthermore external precision is approximately ±2 ε units, as indicated by 
the distribution of reference material analyses (e.g., Bahlburg et al., 2009), with a predicted ~3.1 
epsilon unit reproducibility based on 2σ uncertainties. We define εHf arrays according to 
Bahlburg et al., (2011), who define εHf values within 5 units of the depleted mantle (DM) as 
juvenile, values between 5 and 12 ε units below the depleted mantle as intermediate and anything 
















6. Lu-Hf Results 
 In the following section samples are described from oldest to youngest (i.e., Mesozoic 
and Cenozoic) irrespective of their present geographic location. Age clusters within single 
samples are also described from oldest to youngest in terms of positive εHf vs. age trends (εHf 
pull-ups; increase in εHf over time), negative εHf vs. age trends (εHf pull-downs; decrease in 
εHf over time), and vertical εHf vs. age trends  (εHf vertical arrays; no trend), where applicable. 
Positive εHf vs. age trends (εHf pull-ups) are significant of melting of a juvenile reservoir and 
are often interpreted to represent crustal thinning. Negative εHf vs. age trends (εHf pull-downs) 
are significant of melting of an intermediate or evolved reservoir and are often interpreted as 
crustal thickening or melting of ancient (evolved) crust. Vertical εHf vs. age trends  (εHf vertical 
arrays) are significant of melting of a heterogeneous reservoir and are often interpreted to be a 
result of melts mixing with a highly age-variable upper plate (e.g., Ji et al., 2009). Results 
specific to individual spots are located in appendix 7. 
 Sample 15YP12 contains a single major zircon U-Pb age cluster and several minor age 
clusters, which evolve from [-6, -10] εHf units from 360-345 Ma followed by εHf evolution from 
[-10, -2.5] units from 345-310 Ma interpreted as a small εHf pull-down followed by an εHf pull-
up  (Fig. 9). 
 Sample 15KZ01 contains two major zircon age clusters, which evolve from [-7.5, -2.5] 
from 365-310 Ma and from [2.5, -2.5] from 260-220 Ma, interpreted as an εHf pull-up followed 
by a pull-down. A single zircon plots at -15 εHf units and is likely sourced from a different arc 
(Fig. 9). 
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 Sample 15YP04 shows a single major cluster of zircon ages from 345-320 Ma which are 
characterized by εHf values from [-10,-2] with a vertical εHf-age trend, interpreted as a vertical 
array (Fig. 9).  
 Sample 15YP13 exhibits a dominant Late Cretaceous cluster of zircon ages and many 
older isolated single analyses. Older analyses plot between [-6, 8] εHf units and are too disparate 
to identify meaningful trends. Zircons with 115-90 Ma crystallization ages exhibit εHf values 
that evolve from [8, 2], followed by 80-75 Ma zircons with εHf values that evolve from [-5, 5]. 
A single concordant zircon U-Pb age at ~66 Ma is defined by an εHf value of [-2.5] (Fig. 9).  
 Sample 15G001 was collected from a Late Cretaceous tuff. A single zircon age cluster is 
observed from 84-75 Ma exhibiting εHf values between [7.5, 0] (Fig. 9).  
 Sample 15G002 contains a cluster of zircon ages from 350-300 Ma which exhibit εHf 
values of [0, -7.5], from 300-230 Ma εHf values range from [-7.5, 2.5] followed by a decrease in 
εHf values to [0] from 230-200 Ma. Zircons with crystallization ages from 85-75 Ma exhibit εHf 
values that range from [5, -7] (Fig. 9). 
 Sample 15YP11 was collected from an Eocene Tuff and exhibits a single zircon age 
cluster from 55-47 Ma, which exhibit εHf values from [2.5, 8]. Sample 15YP07 was collected 
from a stratigraphically higher Eocene tuff whose zircon ages clustered between 52-46 Ma and 
exhibit εHf values from [4, 7.5] (Fig. 10). 
 Sample 15YP08 was collected from Eocene terrestrial sandstone and exhibits a complex 
zircon age distribution. Four zircons with crystallization ages between 350-330 Ma plot from 
[10, -6] εHf units. Two zircons with crystallization ages of ~275 and ~245 Ma exhibit εHf values 
of [-2] and [-3.5] (Fig. 10). 
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 Sample 15YP09 collected from a stratigraphically higher Eocene terrestrial sandstone and 
also exhibits a complex zircon age distribution. Three zircons with crystallization ages ranging 
from 315-210 Ma exhibit εHf values that range from [-5, 0]. Zircons with crystallization ages 
between 90-80 Ma exhibit εHf values of [-12, -5] (Fig. 10). 
 Sample 15YP14 was collected from an Eocene terrestrial sandstone and exhibits a 
complex zircon age distribution. Five zircons with crystallization ages between 350-300 Ma 
exhibit εHf values of [2, -2.5]. Three zircons with crystallization ages from 270-250 Ma exhibit 
εHf values of [5, -5]. At 100 Ma three zircons with overlapping crystallization ages exhibit εHf 
















7. CUMULATIVE PLOTS  
 Under the assumption that zircons within detrital samples from the southern Saricakaya 
Basin, the northern Saricakaya Basin, the Murdunu-Göynük Basin, and the Orhaniye Basin 
formed by similar orogenic processes (i.e., Variscan, Cimmerian and Alpine orogenies), 
cumulative probability density and εHf plots are constructed to describe the onset and duration of 
arc magmatism, as well as characterize changes in the contributing melt reservoir (i.e., crustal vs. 
mantle sources) during the closure of the Tethyan oceans (Fig. 11). 
 7.1 Cumulative Zircon PDP 
  Crystallization ages of 518/812 detrital zircons (64%) fall between 0-416 Ma, which 
brackets the orogenic events of interest. The Variscan Orogeny occurred from the Devonian-
Carboniferous and yields 346/518 (66.8%) analyses, which are characterized by a minor 
Devonian (59/346; 17%) and major Carboniferous (287/346; 83%) age clusters. Permian dates 
are characterized by an increase in magmatism (30/518; 6%) prior to the Cimmerian Orogeny. In 
this study we loosely bracket the Cimmerian Orogeny as a Triassic event, however strictly 
speaking this orogeny lasted from 220-200 Ma (Okay et al., 2002); using this latter definition our 
samples only yield 3/518 analyses (0.6%). A broader Triassic definition however, (250-200 Ma) 
yields 34/518 grains (6.6%). From 200-115 Ma, a single analysis is observed (1/518; 0.2%). 
Zircons from the Alpine Orogeny yielded of 107/518 analyses (20.7%), which defines an 
increase in the abundance of zircons from 120-90 Ma (11/107; 10.3%), followed by a major age 
cluster (95/107; 88.8%) from 90-70 Ma. A single concordant U-Pb age is observed at ~66 Ma 




 7.2 Cumulative Lu-Hf Plot 
 The shapes and colors of data points are based on their tectonic setting (Orange: 
Cenozoic Foreland Basin, Green: Late Mesozoic Forearc Basin, Blue: Middle Mesozoic Passive 
Margin, Purple: Early Mesozoic-Late Paleozoic Forearc Basin) and their lithology (Circle: 
Detrital, Triangle: Volcanic, Diamond: Basement). From 400-340 Ma an evolved horizontal 
trend at -7.5 ε units is observed, detrital grains in Cenozoic sediments exhibit observable 
deviations from this trend between 380-360 Ma. From 340-300 Ma vertical arrays are observed, 
followed by an εHf pull-up, which remains in the evolved regime from 300-250 Ma. From 120-
80 Ma, an intermediate to evolved εHf pull-down is observed. Grains from Cenozoic strata with 
overlapping crystallization ages exhibit similar trends, however deviate towards more juvenile 
εHf values at 100 Ma and more evolved εHf values between 85-80 Ma. From 80-75 Ma, εHf 
values from Cretaceous and Eocene strata exhibit a sharp pull-up from evolved to intermediate. 
A single concordant detrital zircon plots in the evolved regime at ca. 66 Ma. Volcanogenic 
sediments with crystallization ages ranging from 55-45 Ma plot in the intermediate εHf domains 











 8.1 350-250 Ma  
 The Variscan Orogeny resulted in abundant calc-alkaline plutonism within the Sakarya 
Zone from 350-300 Ma, characterized by evolved εHf pull-ups and vertical arrays (Fig. 12 A). 
Zircon U-Pb and Hf data are consistent with a north dipping subduction zone along the southern 
margin of the Sakarya Zone (Fig. 12 B). Evolved εHf pull-ups and vertical arrays (Fig. 12 A) are 
interpreted to be either a result of granitoid emplacement into a heterogeneous basement 
consisting of metamorphosed marginal sediments of Gondwanan affinity; a mixture of 
accretionary sediments, exotic micro-terranes, and Devonian plutons, or the intrinsic nature of 
the detrital zircons which sampled a long lived cordillera (i.e., Chapman et al., 2017). Variscan 
shortening and regional metamorphism is also observed in the İstanbul Zone, however to a lesser 
degree (Okay and Tüysüz, 1999), suggesting inter-terrane proximity. An εHf pull-up from 300-
250 Ma is observed in samples located within the Saricakaya and Murdunu-Göynük basins (Fig. 
12 A). This weakly defined εHf pull-up may be significant of lithospheric and crustal thinning 
driven by slab roll-back, which resulted in the opening of the Intra-Pontide Ocean (Fig. 12 B).  
 8.2 250-200 Ma 
 Sample 15KZ01, collected from the Orhaniye Basin is spatially and chronologically 
unique to this study in that Cretaceous and older samples from near and around the Sakarya 
River Valley (Fig. 3) analyzed in this study do not yield similar zircon age dates. Triassic zircon 
U-Pb age clusters exhibit an εHf pull-down from 250-230 Ma, followed by a magmatic gap from 
220-200 Ma (Fig. 12 A), interpreted as crustal thickening and flat-slab tectonism (Fig. 12 C), 
which resulted in arc shut-down related to underthrusting of the Karakaya Complex (Okay et al., 
2002). The Triassic magmatic gap (250-200 Ma) observed in the Saricakaya and Murdunu-
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Göynük basins also suggests down-going slab segmentation (e.g., ridge subduction; Ramos, 
2009). Triassic metamorphism and shortening are also observed within the İstanbul Zone (Okay 
and Tüysüz, 1999), suggesting continued inter-terrane proximity.   
 8.3 200-115 Ma 
 Detrital zircon U-Pb data reveal a period of regional magmatic quiescence from >200-
115 Ma (Fig. 12 A), consistent with a passive margin, flat slab subduction, a transform plate 
boundary, or some combination of these scenarios. Analysis of a Jurassic sandstone (15YP04) 
from the Saricakaya Basin (Fig. 8) unconformably overlying Sakarya Zone basement (Fig. 3) 
yields a unimodal age peak at ~325 Ma, with very few Precambrian grains. Zircon U-Pb data 
from samples collected from the underlying Karakaya Complex proximal to our study area by P. 
Ustaömer et al., (2011) and T. Ustaömer et al., (2016) yield abundant Triassic dates, which are 
absent in our Jurassic sample. This, and the presence of a regional transgression (Okay and 
Tüysüz, 1999) indicates that during the Jurassic-Early Cretaceous the Karakaya Complex and 
overlying Jurassic-Early Cretaceous sediments of the Central Sakarya Basin were still 
submerged and significant topography had yet to develop (Fig 12 C). Thus, our data suggests 
magmatic quiescence driven by any type of subduction and associated orogenesis is unlikely.  
 8.4 115-80 Ma 
 Late Cretaceous granitoids are located along the northern margin of the İstanbul Zone 
(~150 km north of the İAS; Fig. 2 inset) and absent within the Sakarya Zone as well as the 
Moesian and Scythian platforms (e.g., Banks and Robertson, 1997). The distribution of these 
granitoids is consistent with a north-dipping Late Cretaceous subduction zone along the southern 
margin of the Sakarya Zone and not the İstanbul Zone (c.f., Akbayram et al., 2016), implying 
these terranes sutured during or prior to pluton emplacement (i.e., closure of the Intra-Pontide 
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Ocean ≥ 115 Ma; Fig. 12). Detrital zircon U-Pb data indicate magmatism re-initiated at ~115 
Ma, and until 100 Ma is characterized by an intermediate to minimally evolved εHf pull-down 
(Fig. 12 A), interpreted as crustal thickening of the Sakarya Zone. At 100 Ma a major deviation 
from this trend towards more juvenile εHf values is observed, interpreted as initiation of an intra-
oceanic subduction zone to the south (Fig. 12 D).  
 Blueschists of the Tavşanli Zone contain arc detritus (Okay et al., 1996), experienced HP-
LT metamorphism between 90-80 Ma (Okay et al., 1998; Sherlock et al., 1999; Sherlock and 
Kelly, 2002) and are overthrust by ophiolites with ~95 Ma metamorphic soles (van Hinsbergen 
et al., 2016). These data serve as evidence that from 100-80 Ma the Tavşanli Zone was part of 
the down-going plate of an intra-oceanic subduction zone. The timing of these independent 
observations coincides with increasing magmatism and an εHf pull-down to highly evolved εHf 
values only observed in Late Cretaceous zircons analyzed from within Paleogene terrigenous 
units of the Saricakaya foreland basin (Fig. 12 A), in support of our interpretation that parts of 
the Tavşanli Zone were incorporated into the mantle wedge at this time (Fig. 12 D). Zircons of 
similar age from within the northerly Murdunu-Göynük Basin exhibit a more subdued pull-down 
(Fig. 12 A), interpreted as continued crustal thickening along the northern subduction zone (Fig. 
12 D).   
 8.5 80-66 Ma 
  From 80-66 Ma magmatism peaks, wanes, and ceases. After synchronous pull-downs of 
varying magnitudes, an εHf pull-up is observed within Cretaceous units of the northern 
Murdunu-Göynük Basin (Fig. 12 A), interpreted as crustal thinning, a function of rapid slab roll-
back which drove back-arc extension, opened the final portion of the Western Black Sea and 
subsequently translated the sutured Sakarya-İstanbul Zone (i.e., Western Pontides) to the south 
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(Fig. 12 E). A vertical array, observed in similar aged grains from the Saricakaya Basin is 
interpreted to represent intra-oceanic slab break-off, whose melts were sourced from both crustal 
and mantle reservoirs (Fig. 12 E). Vertical arrays produced from melt migration through 
heterogeneous continental crust can be ruled out due to the oceanic nature of the upper plate. A 
single zircon analyzed from a volcaniclastic horizon within the Saricakaya Basin (15YP13) 
yields a concordant U-Pb age of ~66 Ma, defines a small εHf pull-down, and precedes total arc 
shut-off (Fig. 12 A). We interpret the 66 Ma εHf pull-down followed by complete absence of 
zircon U-Pb ages to represent crustal thickening and total arc shut-off respectively, a result of 
transition to low angle subduction, and incipient collision between the Tavşanli Zone and 
Western Pontides (Figs. 12 E). 
  8.6 <65 Ma  
 From 65-55 Ma arc magmatism ceases (Fig. 12 A), interpreted as mantle wedge shut 
down within both subduction zones, a result of low angle subduction (Fig 12 F), which 
ultimately drove exhumation of basement units (i.e. Karakaya Complex ±Variscan Granitoids). 
Interbedded tuffaceous horizons of the Saricakaya Basin yield maximum depositional ages of 
~52 and 48 Ma (Fig. 10), serving as a maximum constraint to the age for overlying sediments. 
Maximum depositional ages of terrestrial strata within the Saricakaya Basin are notably 
unrepresentative of their true depositional age (Fig. 8), serving as further evidence for arc shut-
off and syn-collisional tectonism (e.g., Gehrels 2014).  
 Zircon U-Pb coupled with Lu-Hf data enable discrimination of sources contributing to the 
Saricakaya basin fill, which include Carboniferous zircons that exhibit a range of evolved εHf 
values from the Söğüt Granite (P. Ustaömer et al., 2011; this study), sporadic Jurassic zircons 
from the Murdunu Formation of the Central Sakarya Basin (e.g., Altiner et al., 1991) or possibly 
	 28	
the Central Pontides (Gücer et al., 2016), Campanian zircons that exhibit highly evolved εHf 
values from the Tavşanli Zone, and moderately evolved-intermediate εHf values from the 
Central Sakarya Basin. Precambrian and older grains are likely recycled from ancient Laurasian 
passive margin strata that mantled the Pontides prior to orogenesis, whose primary sources are 
the İstanbul Zone (P. Ustaömer et al., 2005) and the Eastern European Craton (Okay et al., 
2013), which were deposited into the Central Sakarya Basin and reworked into the Saricakaya 
Basin during collision (Fig. 12 F). It is also likely that a portion of Precambrian grains within the 
Saricakaya basin are sourced from Gondwanan passive margin strata whose primary sources are 
Pan African terranes and older African cratons (e.g., Kröner and Şengör, 1990).  
 Volcaniclastic samples collected from the Saricakaya Basin exhibit zircon crystallization 
ages ranging between 52-48 Ma, which overlap with ages from granitoids of the Tavşanli Zone 
(Harris et al., 1994; Okay et al., 1998) and may be genetically related to Paleogene plutonism 
within the Sakarya and İstanbul Zones (Fig 2; inset). The older of the two samples (52 Ma) 
exhibits a jump defined by the youngest forearc detrital grain (66 Ma; 15YP13) from evolved to 
minimally intermediate followed by a small pull-down from 52-48 Ma, which we interpret as a 
second episode of slab break-off followed by renewed underthrusting and crustal thickening 
(e.g., DeCelles et al. 2011; Fig 12 F). Return to underthrusting is also supported by the presence 
of the southeast directed northern Söğüt thrust that juxtaposes Sakarya Zone basement 
structurally above Paleogene foreland basin sediments (Fig. 3). The Neogene southward sweep 
of basic magmatism (e.g., Dilek and Altunkaynak, 2009) was likely a result of this syn-





 Detrital zircon U-Pb geochronology in conjunction with Lu-Hf isotopes serve as a 
streamlined approach for testing and refining tectonic models and complements paleomagnetic, 
geophysical, petrologic, and field based datasets, all of which must ultimately must be employed 
in order to understand the geology of a region. Our findings suggest that an Andean-style 
subduction zone located on the southern margin of the Sakarya Zone along with a southern intra-
oceanic subduction zone synchronously facilitated the closure of the İzmir-Ankara Ocean from at 
least 100 Ma to at least 75 Ma. Elements of previous models are integral to the tectonic history 
of the region, but cannot independently explain NW Turkey’s tectonic evolution. In light of our 
U-Pb and Lu-Hf datasets and synthesis, a viable Alpine tectonic model involves the following: 
120-100 Ma:  
• Initiation of Andean-style subduction along the southern margin of the Pontides.  
• Suturing of the İstanbul and Sakarya Zones (Western Pontides) 
• Initiation of İzmir-Ankara intra-oceanic subduction  
100-80 Ma:   
• South-directed obduction of İzmir-Ankara oceanic lithosphere 
•  HP-LT metamorphism of the Tavşanli Zone 
• Melting of the Tavşanli Zone 
80-65 Ma:  
• Slab roll-back of the marginal Sakarya subduction zone 
• Opening of the Western Black Sea  
• Slab break-off within the İzmir Ankara intra-oceanic subduction zone  
• Incipient collision 
	 30	
55 Ma-45 Ma:  
• Collision of the Tavşanli and Sakarya Zones 
• Slab break-off within the marginal Sakarya Zone subduction zone  
• Emplacement of Early Eocene calc-alkaline plutons within the Tavşanli Zone ±Sakarya 
and İstanbul Zones  
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 Terrane map of the Eastern Mediterranean. Pontide terranes include the Strandja Zone, 
the İstanbul Zone, the Sakarya Zone, and the Eastern Pontides. Anatolides include the Tavşanli 
Zone, Central Anatolian Crystalline Complex, Afyon Zone and the Menderes Massif. The 
Taurides are located to the south and east. Major suture zones include the Intra-Pontide suture, 
the İzmir Ankara Erzincan suture, and the Bitlis suture. Red lines indicate active structures, the 
white box indicates the mapping area, yellow ellipses represent sample locations and dark green 
shapes indicate the approximate locations of ophiolites. The bottom right inset represents the 
approximate locations of volcanic rocks (modified from Okay and Tüysüz, 1999; Ozclon, 2006; 
van Hinsbergen et al. 2016 & maps from ITU). 
 
Figure 2. 
 Conceptual illustration of models describing the Alpine closure history of the Neotethyan 
oceans in NW Turkey. TB: Tauride Block, AFZ: Afyon Zone, TVZ: Tavşanli Zone, SZ: Sakarya 
Zone, L: Lithosphere, OC: Oceanic Crust. See text for details. 
 
Figure 3. 
 Geologic map (modified from Okay et al. 2002), synthetic stratigraphic column 
(modified from Moix et al. 2008 and Yilmaz et al. 1997), and schematic cross-section of the 
Sakarya of the Sakarya River Valley.  
 
Figure 4. 
 Concordia plots and probability density plots (PDP’s) super-imposed on histograms from 
samples collected within the footwall of the Söğüt Thrust, where the x-axis is age in millions of 
years (log-scale) and the y-axis is number of analyses. Maximum depositional ages are indicated 
within concordia plots when applicable. Large black ellipses and red circles indicate areas that 
have been enlarged in order to facilitate qualitative data evaluation. 
 
Figure 5. 
 Concordia plots and probability density plots (PDP’s) super-imposed on histograms from 
samples collected within the hanging-wall of the Söğüt Thrust, where the x-axis is age in 
millions of years (log-scale) and the y-axis is number of analyses. Maximum depositional ages 
are indicated within concordia plots when applicable. Large black ellipses and red circles 
indicate areas that have been enlarged in order to facilitate qualitative data evaluation. 
 
Figure 6.  
 Concordia plots and probability density plots (PDP’s) super-imposed on histograms from 
samples collected from north of the Sakarya River Valley near the town of Göynük, where the-x 
axis is age in millions of years (log-scale) and the y-axis is number of analyses. Maximum 
depositional ages are indicated within concordia plots when applicable. Large black ellipses and 






 Concordia plots and probability density plots (PDP’s) super-imposed on histograms from 
a sample collected from northwest of Ankara where the-x axis is age in millions (log-scale) of 
years and the y-axis is number of analyses. Maximum depositional ages are indicated within 
concordia plots when applicable. Large black ellipses and red circles indicate areas that have 
been enlarged in order to facilitate qualitative data evaluation. 
 
Figure 8.  
 Zircon PDP’s from samples collected from the Saricakaya, Murdunu-Göynük & 
Orhaniye Basins. Insets on detrital zircon plots with ages from 0-450 Ma and bracket magmatism 
during the opening and closure of the Tethyan Oceans. Major orogenies are indicated by colored 
columns (Blue: Cadomian, Red: Variscan, Green: Cimmerian, Yellow: Alpine). Tuffs analyzed 
along with maximum depositional ages (MDA’s) in this study are in the right-hand corner.  
 
Figure 9. 
 Age vs. Epsilon Hf plots for all Mesozoic samples. Vertical error bars represent estimated 
~3 epsilon unit reproducibility (±1.5) and horizontal errors bars represent estimated zircon U-Pb 
uncertainties at 2σ or ±2.5%. See text for detailed descriptions. 
 
Figure 10. 
 Age vs. Epsilon Hf plots for all Cenozoic samples. Vertical error bars represent estimated 
~3 epsilon unit reproducibility (±1.5) and horizontal errors bars represent estimated zircon U-Pb 
uncertainties at 2σ  (±2.5%). See text for detailed descriptions. 
 
Figure 11. 
 Cumulative detrital zircon U-Pb and Lu-Hf plots for data collected in the Saricakaya, 
Murdunu-Göynük and Orhaniye Basins.  Color of data points indicate the depositional age of a 
sample; orange-Paleogene, green-Cretaceous, blue-Jurassic, and purple-Paleozoic. The shape of 





 Cumulative detrital zircon U-Pb and Lu-Hf plots and conceptual Variscan-Alpine models 
of the tectonic evolution of NW Turkey.  Color of data points indicate the depositional age of a 
sample; orange-Paleogene, green-Cretaceous, blue-Jurassic, and purple-Paleozoic. The shape of 
a data points indicates the lithology of the sample; circle-detrital, triangle-volcanic, and 
diamond-basement. TB; Tauride Block, AFZ; Afyon Zone, TVZ; Tavşanli Zone, LN; Lycian 
Nappes, KC; Karakaya Complex, SZ; Sakarya Zone, ISZ; İstanbul Zone, SKB; Saricakaya 
Basin, GB; Göynük Basin, L; Lithosphere, OC; Oceanic Crust, Eop; Eocene plutons, Pp; 
























































Appendix 1: Detailed Terrane and Basin Descriptions 
2.1 PONTIDES 
 2.1.1 Standja Zone 
 
 The Strandja Zone, also known as the İstranca Massif (Aydin, 1974) is located in 
northwesternmost Turkey (Fig. 1). The southern margin of the terrane is juxtaposed against the 
Sakarya Zone via the E/W striking Vardar Suture. To the west the Vardar Suture strikes 
northwest and wraps around the Strandja Zone, which in turn is in tectonic contact with the 
southerly Pelagonian Zone. To the east, the Strandja Zone is truncated by the north striking, 
dextral West Black Sea Fault. To the southeast, its contact with the Istanbul Zone is covered by a 
thick, greater than ~20 km wide sequence of undisturbed Middle Eocene carbonates  (Okay et 
al., 1996) (Fig. 2).  
 The basement of the Strandja Zone consists of felsic gneisses and migmatites intruded by 
Carboniferous - Permian granitoids emplaced during the Variscan orogeny (Okay and Tüysüz, 
1999). Basement units are in turn unconformably overlain by Paleozoic and Early Mesozoic 
continental clastic sequences, volcanic rocks, and shallow marine carbonates, all of which have 
been subjected to latest Jurassic-earliest Cretaceous greenschist metamorphism based on K-Ar 
biotite cooling ages (Okay 1986; Okay et al., 1996). Paleozoic and Mesozoic sedimentary cover 
rocks are intruded by Late Cretaceous calc-alkaline, andesitic plutons emplaced during the 
progressive closure of the Vardar Ocean, which culminated by ~115 Ma based on hornblende 
Ar-Ar cooling ages of the metamorphic soles of suture zone peridotites near the Biga Peninsula 
(Okay et al., 1996). The most southeasterly portion of the terrane consists of a greater than 9 km 
thick sequence of Eocene and younger clastic sediments, collectively known as the Thrace Basin 
(e.g., Görür and Okay, 1996). 
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2.1.2 İstanbul Zone 
 The İstanbul Zone, also known as the İstanbul Nappe (Şengör et al. 1984a) is located 
along the southwestern lobe of the Black Sea and extends approximately 400 km E-W by 70 km 
N-S (Okay and Tüysüz, 1999). This terrane is juxtaposed against the Strandja Zone to the west 
via the dextral West Black Sea Fault. To the east, it is juxtaposed against the Central Pontides of 
the Sakarya Zone via the sinistral West Crimean Fault (Okay et al., 1994). To the south, the 
İstanbul Zone is in tectonic contact with the Sakarya Zone via the Late Triassic (Bozkurt et al., 
2013), Early Cretaceous (Akbayram et al., 2013), pre-Santonian (Özcan et al., 2012), middle 
Late Cretaceous (Göncüoğlu et al., 2008), Turonian (Robertson and Ustaömer, 2004), pre-
Cenomanian (Göncüoğlu and Erendil, 1990) Cenomanian (Tüysüz, 1999), Coniacian - Santonian 
(Yilmaz et al., 1995; Elmas and Yiğitbaş, 2001, 2005), Paleocene-Lutetian (Şengör and Yilmaz, 
1981), Early Eocene (Okay et al., 1994; Akbayram et al., 2016), or Early Eocene-Oligocene 
(Görür and Okay, 1996) Intra-Pontide Suture (see Akbayram et al., 2016 for a detailed 
discussion). The İstanbul Zone is comprised of Cadomian (Pan-African) (P. Ustaömer et al., 
2005) amphibolite-facies basement with intercalated tectonic lenses of micaschist and 
metadiorite (Şengör et al., 1984a). Basement rocks are in turn overlain by a sequence of 
transgressive Ordovician-Carboniferous clastic rocks, interpreted as passive margin sediments, 
resembling similar aged sedimentary packages of the Moesian Platform and are therefore 
interpreted to be part of the southern flank of Baltica prior to the opening of the Paleotethys 
(Okay et al., 1996). During the Early Devonian-Late Carboniferous (±Permian) Variscan 
Orogeny (Stampfli, 2000), marginal sediments were deformed, exhumed, faulted and folded 
diachronously from west to east (Okay and Tüysüz, 1999). Triassic transgressive sediments 
unconformably overlie Ordovician-Carboniferous tectonised units (Okay et al., 1996; Okay and 
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Tüysüz, 1999), which exhibit deformation related to the Cimmerian Orogeny. Triassic strata are 
unconformably overlain by Late Cretaceous sediments where Jurassic and Early Cretaceous 
sedimentary horizons are notably absent (Altiner et al., 1991). Extrusive and intrusive Late 
Cretaceous volcanic rocks are locally observed along the northern margin of the İstanbul Zone 
(Okay and Tüysüz, 1999) (Fig. 2; inset). 
 2.1.3 Sakarya Zone 
 The Sakarya Zone, as described by Okay (1984a) combines Şengör and Yilmaz, (1981)’s 
Sakarya Continent and Eastern Pontides. However, in this study, we treat the Eastern Pontides as 
a separate tectonic unit due to its contrasting Paleozoic-Cenozoic volcanic history (Fig. 2; inset). 
To the northwest, the Sakarya Zone is in tectonic contact with the Strandja Zone and the İstanbul 
Zone via the Vardar and Intra-Pontide sutures. The northeastern portion of the Sakarya Zone is 
known as the Central Pontides, and is characterized by Jurassic plutonic rocks, which exhibit 
contemporaneous HT-LP metamorphism (Gücer et al., 2016). The Central Pontides are located 
east of the İstanbul Zone and West Crimean Fault, north of the Central Anatolian Crystalline 
Complex and the Ankara Erzincan suture zone, west of the Eastern Pontides and the dextral 
Northern Anatolian Fault, and south of the Black Sea (Fig. 2). The southern margin of the 
Sakarya Zone (sensu-stricto Şengör and Yilmaz, 1981) from west to east is in tectonic contact 
with the Bornova Flysch Zone (BFZ), The Tavşanli Zone and the western margin of the Central 
Anatolian Crystalline Complex (Fig. 2).  
 The Basement of the Sakarya Zone is characterized by Early Paleozoic passive margin 
strata, which are metamorphosed, folded, faulted and intruded by Carboniferous ±Devonian 
granitoids emplaced during the Variscan Orogeny (Okay et al., 1996). Carboniferous plutons and 
basement gneisses yield zircon U-Pb ID-TIMS and U-Pb Ion Microprobe ages clustering around 
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~400 and ~310 Ma respectively (Okay et al., 1996; P. Ustaömer et al., 2011). The Karakaya 
Complex (Fig. 3) is located structurally below the Variscan basement (Okay et al., 2002) and 
consists of a ca. 3 km thick package of mafic Carboniferous, Permian and Triassic sediments 
(Okay and Tüysüz, 1999; Ustaömer et al., 2016) that underwent varying degrees of 
metamorphism during the Late Triassic Cimmerian Orogeny (Okay, 2000; Okay et al., 2002). 
The tectonic setting of the Karakaya Complex has been interpreted as an oceanic seamount 
(Pickett and Roberson, 1996), an oceanic plateau (Okay, 2000), an ensimatic fore-arc sequence 
(Göncüoğlu et al., 2000), or an oceanic intra-arc to fore-arc (Okay et al., 1996) (see Okay et al., 
2002). Together, metamorphosed Early Paleozoic passive margin strata, Variscan basement, and 
the under-thrusted Karakaya Complex describe the basal lithologies of the Sakarya Zone (Okay 
et al., 2002; T. Ustaömer et al., 2016). Jurassic-Neogene sediments rest unconformably above 
basement lithologies, where the western Sakarya Zone contains conglomeratic strata, deposited 
during the Early Jurassic, overlain by a ~2 km thick limestone package deposited during the 
Middle Jurassic-earliest Late Cretaceous (Okay and Tüysüz, 1999). Late Cretaceous-Neogene 
strata rest depositionally above this limestone sequence, marked by an angular unconformity, 
which coarsens upward into marine turbidites interbedded with volcanic horizons, which 
transition into lagoonal and deltaic deposits. In turn, this sequence is unconformably overlain by 
fluvial deposits, which also contain volcanogenic horizons. A final enigmatic feature of the 
Sakarya Zone are abundant Late Cretaceous volcanogenic strata and the absence of their plutonic 








2.2 THE ANATOLIDES 
 2.2.1 Tavşanli Zone 
 
 The Tavşanli Zone (Okay, 1984a) strikes E-W for 250 - 300 km, has an average N-S 
width of ~50 km (Okay, 2008) and is in tectonic contact with the more northern Sakarya Zone 
via the İAS, whose defining feature is a Late Cretaceous blueschist belt, with lesser amounts of 
Triassic blueschists (Okay et al., 2002). Metamorphosed sediments consist of Paleozoic-
Mesozoic passive margin strata capped by platform carbonates, representative of the northern 
margin of the Anatolides. During the Late Cretaceous (90-80 Ma), as a result of intra-oceanic 
subduction (van Hinsbergen et al., 2016 and references within), this zone underwent high-
pressure low-temperature (HP-LT) metamorphism at approximately 20-24 kbar and 430-500 °C 
(Okay et al., 1998; Sherlock et al., 1999; Sherlock and Kelly, 2002). This immediately post dates 
initial obduction of the Lycian Nappes (~95 Ma; Önen, 2003; Celik et al., 2006), which contain 
oceanic crust of the İzmir-Ankara Ocean in the hanging-wall. To the east, the contact between 
the Tavşanli Zone and the Central Anatolian Crystalline Complex is obscured by Upper 
Cretaceous-Middle Eocene sediments of the Orhaniye (Fig 1.), Haymana-Polatli, and Tuz Gölü 
sedimentary basins (e.g., Nairn et al., 2013; Licht et al., 2017) 
 2.2.2 Afyon Zone 
 The Afyon Zone (Okay, 1984a), structurally beneath the Tavşanli Zone is characterized 
by Barrovian-type metamorphism resulting in amphibolite-greenschist facies metamorphism, 
reaching peak pressures and temperatures of ~10 kbar and temperatures of 350-400°C during the 
Paleocene (Candan et al., 2005). This metamorphic unit is observed for over 600 km, in tectonic 
contact with the Menderes Massif and the Tavşanli Zone to the west, the Central Anatolian 
Crystalline Complex to the east, and the Taurides to the south (Fig. 2). 
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  The Afyon Zone is underlain by Pan-African basement mantled by low-grade, Late 
Paleozoic metamorphic sediments which fine up-section from Carboniferous conglomerates to 
Permian neritic platform-type sediments. Overlying Mesozoic sediments consist of Triassic-Late 
Cretaceous turbidites, which grade into sandstone beginning in the Paleocene and are interpreted 
to represent the proximal facies of the Anatolide-Tauride Blocks northern passive margin 
(Candan et al., 2005).  
  2.2.3 Nappe Sheets 
  Metamorphic soles of ophiolitic bodies thrusted over the Tavşanli Zone (Önen and Hall, 
1993; Önen, 1993), Afyon Zone (Daşçi et al., 2014), and the Taurides (Çelik et al., 2006) (van 
Hinsbergen et al., 2016; Table 1) yield Cenomanian Ar/Ar apparent cooling ages of ~95 Ma. The 
most well known of these bodies are the Lycian Nappes, of southwestern Turkey, which are 
thrusted over the SW Tauride block, between the Menderes Massif in the west and the Antalya 
Block in the east (Fig. 1). These ophiolitic units are related to obduction of a south-directed 
thrust sheet along an intra-oceanic subduction zone within the İzmir-Ankara Ocean that was 
active from the Aptian-latest Cretaceous/earliest Paleocene (e.g., van Hinsbergen et al., 2016). 
During Early Paleogene syn-collisional orogenesis, these ophiolites were translated southward in 
the hanging-wall of younger south-directed thrust sheets.  
2.3 BASINS 
 2.3.1 Central Sakarya Basin 
 The Central Sakarya Basin is the primary basin in NW Turkey (Okay and Tüysüz, 1999). 
This basin is further divided into the north-central Murdunu-Göynük Basin, which consists 
primarily of Jurassic marine and Cretaceous shallow marine to transitional sediments (Altiner et 
al., 1991), where minor outcrops north of the Intra-Pontide Suture are also observed. The more 
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southern portion of the Central Sakarya Basin is known as the Saricakaya Basin, deposited on the 
southern margin of the Sakarya Zone, north of the İzmir-Ankara Suture. This basin primarily 
consists of Tertiary red beds unconformably overlying basement and Early-Middle Mesozoic 
sediments (Okay and Tüysüz, 1999).  
 2.3.2 Murdunu-Göynük Basin 
 Prior to closure of the Intra-Pontide Ocean, an eastward narrowing embayment 
(morphologically similar to the Gulf of California) existed between the İstanbul and Sakarya 
Zones (Okay et al., 1994; Okay et al., 1996; Görür, 1997). This embayment served as the 
primary depocenter for detritus shed from the Cretaceous arc of the Western Pontides (Fig. 1). 
Outcrops of this forearc basin are abundant in the northern Sakarya Zone and to a lesser extent in 
southern İstanbul Zone. In the Sakarya Zone, strata is exposed in a belt of alternating NE-SW 
trending anticlines and synclines (e.g., Açikalin et al., 2014), whereas in the İstanbul Zone only 
smaller lenses of the lowest members are observed within the Northern Anatolian Fault Zone 
(e.g., Genç and Tüysüz, 2010). The lowermost members of the Murdunu-Göynük Basin were 
deposited above a pre-Jurassic continental basement (Açikalin et al., 2014) and are characterized 
by Jurassic volcanic rocks which fine up-section to Early Cretaceous pelagic carbonates (Şengör 
and Yilmaz, 1981; Altiner et al., 1991; Okay and Tüysüz, 1999; Tüysüz, 1999). Late Cretaceous 
strata are observed throughout the basin and consist of a thick ~1000 m sequence of 
volcanogenic turbidites with Cenomanian-Campanian depositional ages (Okay and Tüysüz, 
1999). In the latest Cretaceous a coarsening upward sequence is observed, which contains 
sandstones and conglomerates (Açikalin et al., 2014). The Murdunu-Göynük Basin likely 
represents more proximal facies of a Late Cretaceous forearc basin.  
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 2.3.3 Saricakaya Basin 
 Sedimentary deposits from the southern portion of the Central Sakarya Basin are located 
in and to the north of the Sakarya River Valley near the town of Eskişehir. The northern margin 
of the Sakarya River Valley is characterized by a SSW directed thrust fault (the Northern Söğüt 
Thrust), which juxtaposes a Carboniferous pluton (Söğüt granite; ~325 Ma; Ustaömer et al.. 
2011) over terrigenous Paleogene red beds that are locally folded into an overturned SSE verging 
syncline. This basin is also incorporated into the hanging-wall of another SSE directed thrust 
fault containing Paleozoic and Mesozoic accretionary units in its footwall, such as the Permo-
Triassic marbles of the Karakaya Complex (Ustaömer et al., 2011) as well and Triassic and 
Cretaceous Ophiolitic material (Okay et al., 2002). South of this imbricate thrust stack HP-LT 
blueschist rocks of the Tavşanli Zone are observed (Fig. 3).  
 Here we subdivide the Saricakaya basin into the north and south Saricakaya basin based 
upon whether the location is in the hanging-wall or footwall of the Northern Söğüt Thrust. The 
southern Saricakaya Basin (i.e., footwall) consists of a metamorphosed greenschist(?) basement, 
overlain by Permo-Triassic marbles, which are in turn unconformably overlain by a sequence of 
carbonaceous Jurassic sandstone beds, above which Paleogene red beds are present, consisting of 
a sequence of coarsening up conglomerates with interbedded Early Eocene tuffaceous units. 
Here we sampled an outcrop of the basement in the southern portion of the basin, two finer 
grained conglomeratic beds, and two underlying volcanic tuffs (Fig. 3). 
 The northern Saricakaya Basin (hanging wall) is stratigraphically similar to the southern 
basin, however it contains Cretaceous shallow marine to transitional sediments between the 
Jurassic and Paleogene sections unlike the southern basin.  
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 2.3.4 Orhaniye Basin 
 Part of the greater Haymana-Polatli-Orhaniye basin complex (e.g., Narin et al., 2013), 
located southeast of the Neogene Galatean volcanic arc and west of the Central Anatolian 
Crystalline Complex, within the south pointing horn of the Sakarya Zone, the Orhaniye basin is 
the most northerly depocenter of the complex and has been interpreted to represent a peripheral 
forearc sub-basin (Licht et al., 2017; Dickinson and Seely, 1979). A continuous record of Upper 
Cretaceous-Eocene strata is deposited above the Northern Anatolian Ophiolitic Mélange, which 
consists of Upper Jurassic-Lower Campanian turbidites, ophiolites, pillow basalts, olistostromes, 
carbonates and radiolarites.  The lower member of the Orhaniye basin is known as the 
Dikmendede formation, which exhibits variable thickness ranging from 200-850 m and is 
dominated by deep marine turbidites deposits, which generally fine up section and are capped by 
coarser grained clastics, interpreted to represent a deltaic environment, which were deposited 
during the Maastrichtian to perhaps the Lower Paleocene. The Dikmendede formation represents 
a progradational sequence, which is intruded by dike complexes emplaced during the Paleocene.  
The top of the Dikmendede formation is defined by an unconformity, above which sandstone, 
pedogenic red mudstone, and carbonate rich clastic material is observed. Collectively this 
sedimentary sequence is interpreted to represent a Paleocene-Middle Eocene lagoonal or coastal 




















Appendix 3: U-Pb Analytical Parameters 
Laboratory & Sample 
Preparation   
Laboratory name KU Geology Isotope Geochemistry Laboratories 
Sample type/mineral Zircon 
Sample preparation Standard mineral separation & epoxy grain mount 
Laser Ablation System   
Make, Model & type ArF excimer 193 nm, Photon Machines Analyte G2, ATLEX 300 
Ablation cell & volume Helex 2, two-volume cell 
Laser Wavelength (nm) 193 
Pulse width 5 ns 
Fluence 2 J/cm2 
Repetition rate 10 Hz 
Spot Diameter (nominal/actual) 20/20 µm 
Sampling mode/pattern Single spot 
Carrier gas (1/min) He, 1.01 (cell); Ar, 1.1 






ICP-MS Instrument   
Make, Model & type Thermo Element2 magnetic sector field ICP-MS 
Sample introduction Ablation aerosol 
RF power 1100 W 
Make-up gas flow Ar, 1.1/min 
Sampling depth 20 µm 
Detection system Single detector, counting & analog 
Masses measured 206Pb, 207Pb, 208Pb, 232Th, 238U 
Integration time per peak (ms) 1-5 (long) 
Total integration time per reading 
(secs) 23 (long) 
Total method time (secs) 42 (long) 
Sensitivity/Efficiency ~0.1% U, GJ-1 
IC Dead time (ns) 2 ns 
UO+/U+(%) < 0.01 








Data Processing   
Gas blank (s) 21 (long) 
Calibration strategy 
Sample/ standard bracketing. GJ-1 used as 
primary calibration standard. Plešovice and 
Fish Canyon Tuff used as secondary 
reference materials. 
Reference Material info 
GJ-1 (Jackson et al., 2004) 
Plešovice (Sláma et al., 2008) 
Fish Canyon Tuff (Wotzlaw et al., 2013) 
Data processing package used ET_Redux-3.6.14, IGOR PRO, Iolite 2.5 
Mass discrimination Y-Intercept, Downhole 
Common-Pb correction, 
composition and uncertainty 
No common-Pb correction applied to the 
data 
Uncertainty level & propagation 
Age uncertainties at ±2σ absolute, 
propagation is by quadratic addition 
following McLean et al., 2016, Paton et al., 
2010 
Reproducibility See Appendix 2 











Appendix 4: U-Pb Standard Values 
Sample Secondary Standard1 Secondary Standard2 
  Plešovice Fish Canyon Tuff 
15YP08 341.2 ±3.2 Ma (MSWD=0.55) 28.85 ±0.65 Ma (MSWD=0.53) 
15YP09 341.2 ±3.2 Ma (MSWD=0.55) 28.85 ±0.65 Ma (MSWD=0.53) 
15G002 340.0 ±3.9 Ma (MSWD=1.3) 27.39 ±0.59 Ma (MSWD=1.6) 
15YP04 347.2 ±3.4 Ma (MSWD=1.0) 28.66 ±0.50 Ma (MSWD=1.2) 
15YP07 341.2 ±3.5 Ma (MSWD=0.40) 28.07 ±0.55 Ma (MSWD=0.88) 
15YP11 341.2 ±3.5 Ma (MSWD=0.40) 28.07 ±0.55 Ma (MSWD=0.88) 
15KZ01 341.1 ±8.5 Ma (MSWD=0.96) 29.4 ±1.2 Ma (MSWD=1.2) 
15G001 337.2 ±8.5 Ma (MSWD=0.46) 28.29 ±0.97 Ma (MSWD=0.69) 
15YP12 343.2 ±1.1 Ma (MSWD=1.3) 28.69 ±0.19 Ma (MSWD=2.6) 
15YP13 343.2 ±1.1 Ma (MSWD=1.3) 28.69 ±0.19 Ma (MSWD=2.6) 
15YP14 341.9 ±3.8 Ma (MSWD=0.65) 27.90 ±0.59 Ma (MSWD=1.8) 
Reference age  337.2 ±0.13 Ma  28.642 ±0.025 Ma 
by CA-TIMS (Sláma et al., 2008) (Wotzlaw et al., 2013) 
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Appendix 6: Zircon Hafnium Standard plot 
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Appendix 7: LA-MC-ICP-MS Zircon Hafnium Data Tables 
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